ABSTRACT Ribosomal ITS1 DNA sequences have been characterized in Ceratitis capitata (Weidemann), the Mediterranean fruit ßy, and Ceratitis rosa (Karsch), the Natal fruit ßy. In C. capitata the ITS1 region is 831 bp in size (on average). Relatively little variation in the makeup of the ITS1 DNA sequences was detected in individuals sampled from numerous worldwide populations of C. capitata. In C. rosa, however, a substantial difference in the size of the ITS1 region was observed in individuals from a collection made in Kenya compared with individuals from South Africa. In the C. rosa ßies from South Africa, this region was Ϸ930 bp in size, compared with a size of 717 bp in the C. rosa Kenya ßies. This difference appears to be due primarily to a single insertion or deletion event. Using polymerase chain reaction, these size polymorphisms are easily detectable and can be used for making species identiÞcation and/or population origin determinations using material from any stage of the life cycle. Despite these intra and interspeciÞc differences, sequences from the ITS1 regions of both C. rosa collections and C. capitata can still be aligned. QuantiÞcation of the similarity of these sequences may help to resolve continuing questions over the status of species relationships in this genus.
Ceratitis capitata (WEIDEMANN), the Mediterranean fruit ßy, and Ceratitis rosa (Karsch), are both economically important agricultural pest species capable of using a wide variety of commercial, ornamental, and wild hosts as substrates (Fletcher 1989) . Ceratitis capitata has a wide geographic range that includes numerous semitropical localities around the world. Ceratitis rosa has a relatively restricted geographic range that includes parts of Africa and islands in the Indian Ocean (Hancock 1989, White and Elson-Harris 1992) . In places where both species occur, C. rosa appears to have displaced C. capitata from several hosts (Hancock 1989) .
Despite their similar life history characteristics and pest status, the systematic relationship of these and other species in the genus Ceratitis are unclear. This genus currently consists of 78 species classiÞed into six subgenera. However, the exact delimitation of the subgenera is subject to continuous change (De Meyer 2000) . Ceratitis capitata is classiÞed in the subgenus Ceratitis MacLeay, whereas former distinct genera (such as Pterandrus Bezzi) that included C. rosa as a type species were redeÞned as Ceratitis subgenera by Hancock (1984) . Malacrida et al. (1996) used a genetic approach examining isozyme variation to analyze Tephritid species relationships, including C. rosa and C. capitata. However, for the Ceratitis species in particular, their phylogenies did not correlate well with accepted taxonomic relationships based on morphology.
Recently molecular systematic studies using DNA markers have been used to clarify evolutionary and phylogenetic relationships for a number of species. These studies use a number of relatively fast evolving DNA sequences that are available (Hillis et al. 1996) . These types of sequences tend to be derived from genomic loci exhibiting high variability and selective neutrality (Li and Grauer 1991) .
In previous work, we have found that the introns of speciÞc genes Haymer 1997, 1999) are useful for this purpose. Introns represent variable noncoding regions that are ßanked by conserved coding regions. Using primers designed to anneal to the conserved coding regions, polymerase chain reaction (PCR) ampliÞcation can be directed across the more variable intron regions (Slade et al. 1993 ). This method has been called Exon Primed-Intron Crossing PCR or EP-IC-PCR (Palumbi and Baker 1994) .
Using a similar approach, the internal transcribed spacer (ITS) regions from ribosomal DNA (rDNA) genes can be made accessible for EPIC-PCR-like studies. The noncoding ITS sequences tend to harbor DNA polymorphisms useful for molecular systematic studies of lower level taxonomic relationships, whereas the coding regions of the rDNA genes represent some of the most conserved regions known among eukaryotes (Gerbi 1986) . Previous studies have shown that the rDNA ITS sequences represent relatively fast evolving regions that are particularly effective for the resolu-tion of certain kinds of relationships. This includes groups of closely related species that may form a complex or cluster (Schlö tterer et al. 1994 , Armstrong et al. 1997 ) and geographically deÞned populations within a species (Vogler and DeSalle 1994, Morgan et al. 1999) . For the analysis of closely related species using molecular systematic approaches, the proper resolution of relationships requires information about variability at the level of populations within a species as well as between species.
We have isolated and characterized rDNA coding and noncoding spacer regions from Mediterranean fruit ßy individuals from several geographically deÞned worldwide populations and from populations of the Natal fruit ßy originating from Kenya and South Africa. ITS1 comparisons between these species revealed extensive tracts of conserved sequences interrupted by large insertions or deletions (indels). Overall size polymorphisms in the ITS1 region were detected between C. capitata and C. rosa, as well as between the two C. rosa strains. Using PCR, these size polymorphisms can provide diagnostic markers to identify and distinguish C. capitata and C. rosa individuals using material from any stage of the life cycle.
Materials and Methods
Strains. Ceratitis capitata specimens were obtained from a variety of sources. Hawaii specimens were from the Maui coffee Ô93 laboratory strain. These, as well as wild caught specimens from Costa Rica, Kauai, and Guatemala, were provided by Don McInnis (ARS-USDA). Wild-caught specimens from Spain (provided by Dolores Ochando, University of Madrid), Peru (acquired from the USDA Mediterranean Fruit Fly Germplasm Repository), and Greece (provided by David Lance, APHIS, USDA) were also used.
Ceratitis rosa individuals originating from Kenya and South Africa were provided by Gerald Franz of the Entomology unit of the IAEA, Seibersdorf, Austria. The Kenya specimens were obtained from wild collections made in April of 1999. The South Africa material included individuals from wild collections and a laboratory colony maintained in Seibersdorf. The laboratory colony was established in 1998 using material collected from the Hex River Valley in South Africa.
The wild collections were obtained in April of 1999 from the same locality. Reciprocal crosses carried out using individuals from these two C. rosa strains have produced viable offspring of both sexes (G. Franz, personal communication).
Voucher specimens from all of these collections are being maintained in the laboratory of D.S.H. and are available for examination on request.
DNA Isolation. Genomic DNA was isolated from either frozen or ethanol preserved individual specimens using the Lifton method as described in Anleitner and Haymer (1992) .
Isolation and Characterization of C. capitata rDNA Clones. Clones containing both coding and noncoding rDNA regions of C. capitata were isolated from an ampliÞed EMBL4 genomic library. The nucleotide sequence of a number of these clones was determined (Douglas 2000) . Two of these are available from GenBank using accessions AF189691 and AF307848. These C. capitata sequences, together with rDNA sequence data available for Drosophila melanogaster (Meigen) (GenBank accession M21017) were used to design EPIC-PCR-like primers to amplify across the ribosomal ITS regions in the Ceratitis species. All PCR primers were designed using the Mac Vector program of IBI Laboratory and Research Products (Eastman Kodak, Rochester, NY). The ITS1-F5 forward primer 5ЈÐCAC GGT TGT TTC GCA AAA GTT GÐ3Ј was designed to anneal to the 3Ј end of the 18s gene, and the ITS1-B9 reverse primer 5ЈÐTGC AGT TCA CAC GAT GAC GCA CÐ3Ј was designed to anneal to the 5Ј end of the 5.8s gene (Fig. 1) . These primers were also found to effectively amplify the analogous region from C. rosa. The nucleotide sequences of the PCR products obtained from C. rosa were also determined and are available from GenBank using accessions AF189689 and AF189690.
PCR Amplifications. PCR reaction mixtures consisted of 4 mM MgCl 2 , Gene Amp PCR buffer II, 5 pmol each oligonucleotide primer, dNTPs (10 mM of each dATP, dCTP, dGTP, and dTTP), 1U AmpliTaq DNA polymerase, Ϸ10 ng of DNA template and sterile Þl-tered H 2 O in a Þnal volume of 25 l.
The optimized ITS1 cycling proÞle consisted of a one-time initial denaturation for 2 min at 94ЊC, followed by 35 cycles consisting of a 1 min denaturation at 94ЊC, a 30-s annealing at 63ЊC, and a 1-min extension at 72ЊC. All ampliÞcations were done using a Perkin Elmer GeneAmp PCR System 2400 (Foster City, CA). AmpliÞcation products were visualized on 1.5% agarose gels stained with ethidium bromide.
The PCR-Script Amp SK(ϩ) Electroporation-Competent Cell Cloning Kit (Stratagene, La Jolla, CA) was used to clone PCR ampliÞcation products. Clones were sequenced as double stranded templates using cycle sequencing and standard T3/T7 sequencing primers on an ABI automated sequencer (Foster City, CA).
Sequence Analysis. ITS1 sequences from individuals representing different C. capitata and C. rosa populations were aligned using the Clustal V (Higgins and Sharp 1989) method from the MEGALIGN program of the DNASTAR software package (DNASTAR, Madison, WI). Similarity and divergence estimates were derived using the method of Wilbur and Lipman (1983) .
Results

Molecular Characterization of rDNA Sequences in
Ceratitis. A schematic representation of the overall structure of the rDNA array repeat unit in Ceratitis is presented in Fig. 1 . The organization of this array, including the location of the coding regions (18S, 5.8S, 2S, and 28S) and noncoding regions (ITS1, ITS2a, and ITS2), was inferred from an alignment of C. capitata sequences to the D. melanogaster rDNA array sequences (Tautz et al. 1988 ) available from GenBank (accession M21017). Comparisons of coding region sequences between these species exhibit on average 95% similarity. This similarity was used to deÞne the 5Ј and 3Ј ends of the respective coding regions and to delimit the location of the respective ITS sequences.
Isolation and Characterization of ITS1 Sequences. The conserved coding region sequences were used to design primers for PCR ampliÞcation of ITS sequences. The approximate locations of the primers (see materials and methods for primer sequences) used for ampliÞcation of ITS1 are shown in Fig. 1 .
In C. capitata, the average length of the ITS1 sequence is 831 bp). PCR ampliÞcation of ITS1 sequences for C. capitata individuals sampled from various geographic populations around the world revealed no obvious size polymorphisms (Fig. 2) . Sequencing of some of these ITS1 regions revealed only single nucleotide changes (substitutions or indels) resulting in overall length variation of ITS1 ranging from 829 to 832 bp in C. capitata (Douglas 2000) . Overall, the C. capitata ITS1 sequences are relatively A-T rich, averaging 78.76% A-T content. No global similarities were detectable in comparisons of ITS1 sequences from C. capitata with those of D. melanogaster.
These same primers were used for ampliÞcation of ITS1 sequences in individuals obtained from two geographic strains of C. rosa. The ampliÞcation products revealed apparent overall size differences for the ITS1 regions of C. rosa compared with C. capitata (Fig. 3) . In the case of South Africa, the same size PCR product was obtained using individuals from the wild collection (Þrst two individuals shown) and from the laboratory strain (remaining individuals shown). Sequence analysis of these regions conÞrmed that for the Kenya strain, ITS1 is smaller at 717 bp in length (GenBank accession AF189689). For the South Africa strain, ITS1 is larger at 930 bp (GenBank accession AF189690). Overall, these sequences are also A-T rich, having A-T contents of 80.66 and 80.29%, respectively. Dot matrix homology analysis was used to predict a general alignment between the sequences obtained from individuals representing both C. rosa geographic strains. The length discrepancy results primarily from a single 226 bp indel spanning bases 507Ð719 of the C. rosa South Africa sequence (Fig. 4, part A) . Although other single nucleotide polymorphisms (SNPs) and indels Ͻ10 bp in length were detected, other than the single 226 bp indel, the ITS1 sequence divergence between these two C. rosa strains is low (Table 1) .
Each of the C. rosa sequences were also compared with the C. capitata sequence using dot matrix homology comparisons and multiple sequence alignments. These alignments suggest the presence of multiple indels distinguishing the C. rosa South Africa sequence from the C. capitata sequence (Fig. 4, part B) . Three of these that are Ͼ10 bp in length are shown. The C. rosa Kenya sequence also differs from the C. capitata sequence by indels (Fig. 4, part C) . Here as well three that are Ͼ10 bp in length are shown on the Þgure. The percent identity (and divergence) between these sequences, excluding the indels described above, was also determined. In table 1 we show that the sequences from the two C. rosa strains are highly similar. Both of these C. rosa sequences are also less similar to the C. capitata sequence than they are to each other.
Discussion
Ribosomal ITS sequences can provide useful markers for the analysis of genetic relationships among closely related species. The ITS sequences are noncoding, and as such they tend to harbor high levels of genetic variability as compared with most coding regions (Li and Grauer 1991, Haymer 1994) . In addition, the fact that the adjacent coding sequences tend to be highly conserved (Gerbi 1986 ) makes it possible, in many cases, to design EPIC-PCR-like primers to amplify the more variable ITS regions. In some cases, a single set of these coding region primers can amplify ITS sequences in different species.
The two Ceratitis species analyzed here, as members of the same genus, can be considered relatively closely related. A common set of coding region primers was used to amplify their respective ITS1 regions. Although overall size polymorphisms were detected in the ampliÞcation products for these species (which may be of diagnostic value), their ITS1 sequences can be aligned. These alignments reveal extensive tracts of similar or identical sequences interrupted by multiple indels of various sizes. If the few indels Ͼ10 bp in size are excluded, comparisons of ITS1 sequences between these species show Ͻ10% divergence. This level of similarity reßects a relatively recent divergence of these species, not the conservation of a particular sequence motif that has persisted over evolutionary time (see below).
Not surprisingly, ITS1 sequences from the two C. rosa strains can be aligned. However, in addition to a number of relatively small indels, a single large indel 226 bp in size was discovered that distinguishes the Kenya strain of C. rosa from the strain of South African origin. ITS size polymorphisms of this type are unusual for comparisons involving only geographically deÞned strains of the same species. Although length variations in rDNA arrays have been reported in insects such as D. melanogaster (Williams et al. 1987) and Aedes (Wu and Fallon 1998) , these are primarily due to variable numbers of simple repeat units in the intergenic or nontranscribed spacer regions. Consistent perhaps with the results obtained here for C. rosa, De Meyer (2000) has suggested the need for revision of the status of species in this genus, and indicated that the C. rosa specimens from Kenya in fact correspond to the variety fasciventris (De Meyer, personal communication) .
The ITS1 sequences from any of the Ceratitis species could not be properly aligned with sequences from the more distantly related species D. melanogaster. ITS comparisons involving more distantly related species (such as different genera or families) typically reßect many more changes and show little evidence of sequence similarity (Armstrong et al. 1997) . This is likely due to the fact that noncoding regions such as the ITS are not as constrained in terms of tolerating changes compared with coding regions and, as such, tend to accumulate mutations (Haymer 1994) . Although constraints on the evolution of some portions of ITS sequences have been suggested, such as the possible involvement of the ITS regions in rRNA end processing (van Nues et al. 1994 ) and the formation of secondary structures (Wesson et al. 1992) , there is as yet no evidence for conservation of speciÞc sequence motifs in this region (Douglas 2000) . However, the position of the ITS within the rDNA coding region may be conserved (Gerbi 1986 ).
On the other extreme, at the intraspeciÞc level involving comparisons of individuals or populations within a species, ITS sequences tend to be extremely similar. This has been hypothesized to result from molecular drive or other forces that act to homogenize these sequences within a species (Elder and Turner 1995) . Surveys of ITS1 sequence variation in worldwide populations of C. capitata described here and in Douglas (2000) are consistent with this hypothesis. These surveys showed that only occasional single nucleotide polymorphisms and small indels could be detected. For the C. rosa populations as well, if the single large 226 bp indel found in ITS1 is excluded, little divergence and very low levels of variability were (Marinucci et al. 1999) and Aedes (Wesson et al. 1992 ) mosquito species have revealed similar low levels of intraspeciÞc variation and divergence. All of this information suggests that ITS sequences may have advantages for assessing taxonomic relationships involving closely related species. Because the ITS regions tend to be Þxed (or with minimal variation) within a species, but variable between species, they may be ideal for phylogenetic analyses requiring sequences that Þt into a window or zone of optimal divergence (Brower and DeSalle 1994) . Especially in the case of closely related species, sequences that are appropriate for this type of analysis have been difÞcult to identify. For species in the genus Ceratitis, the analysis of ITS sequences could help clarify disputed species and subgeneric systematic relationships (De Meyer 2000) based on alignments and quantiÞcation of divergence values between species.
The intraspeciÞc differences detected in C. rosa suggests the occurrence of a unique insertion event within the South Africa C. rosa strain that distinguishes it from the Kenya strain. Using PCR, the ITS1 size polymorphism detected could be used as a diagnostic marker to distinguish C. rosa individuals of Kenya origin from those of South Africa. This may be of signiÞcance in analyzing adventitious populations of C. rosa such as that found in Mauritius (White and Elson-Harris 1992) . The C. capitata ITS1 PCR product is also distinguishable from either of the C. rosa products based on size. PCR-based diagnoses can potentially be made using material obtained from any stage of the life cycle. This would be especially useful for analyzing material from the early stages of development where traditional morphological characters are not available for species identiÞcation.
